Towards the Shape of Mental Workload
Mental workload is a measure of how much mental effort a person devotes to one or more tasks.
In two experiments, we investigated the effect of multiple identical tasks on human performance in terms of both accuracy and response time for a visuo-spatial task set and an auditory task set. The findings showed that participants performed linearly worse on some measures of performance when the number of tasks increased, while other measures showed two distinctive variations on this linear decrease in performance. We discuss these results in terms of their effect on the traditional linear representation of workload in IMPRINT (IMproved Performance Research INtegration Tool, Archer & Adkins, 1999) , a task-based human performance modeling system.
Mental workload is the amount of mental resource which is dedicated to a particular cognitive activity. The higher the mental workload in the task, the more difficult it is to perform the task. As often as the term is used, there should be a deeper understanding of how performance declines with additional mental workload. Previous research suggests a linear decrease in performance and increase in workload with additional tasks (see Wickens, 2002) . Here, we consider an objective and computational methodology for measuring mental workload.
Specifically, we focus on how performance changes from workload attributed to the number of tasks because of the robustness of these manipulations (e.g., see Wickens & Yeh, 1982) , though workload changes with other factors, such as practice (e.g., see Schneider & Detweiler, 1988) . When more than one task is performed at the same time, performance in both tasks may decline compared to when each task is performed alone (Baddeley & Hitch, 1974) . This performance decline is attributable to interference, a problem that arises when the same mental resource must be divided between two or more tasks at the same time. Early research into workload (e.g., Baddeley & Hitch, 1974) established that interference generally (or only) affects tasks that share the same sensory modality (e.g., vision or audition). For example, performing a visual tracking task while simultaneously attempting to detect an intermittent light flash would cause interference because both tasks require visual resources. If the same person was performing a tracking task while also attempting to detect an intermittent tone sound, interference should not arise (Baddeley & Hitch, 1974) .
The goal of this study is to investigate the shape of the performance curve that results when workload increases. Typically, studies of workload (e.g., Mitchell, 2000; Wickens, 2002; Wickens, Dixon, & Chang, 2003) assume a linear performance decrease as more tasks from the same sensory modality are performed at once. However, multi-tasking studies infrequently include more than two simultaneous tasks. To effectively characterize the shape of a curve, one needs more than two data points.
In the following two experiments, participants engaged in multiple instances of the same task at once. Performing the same task ensures that the tasks will draw from the same pool of resources and will give a more accurate portrayal of the shape of the performance curve than past studies.
In Experiment 1, we chose to use a visuo-spatial task and in Experiment 2 we chose an auditory task. Not only were these two tasks easily manipulated to provide multiple iteration of the same task, but in future experiments we can combine the task sets to test the theory that the two tasks will not interfere with one another because they draw from different cognitive resources (see Baddeley & Hitch, 1974) .
EXPERIMENT 1
Experiment 1 focused on simultaneous visual tasks. Sixteen participants were instructed to perform up to eight tracking tasks with each number of tasks performed for three minutes apiece (order of tasks was counter-balanced). The experiment was constructed to avoid making the response itself *This work is not subject to U.S. copyright restrictions
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interfere with the tracking tasks. Participants were instructed to press one of eight keys to indicate a response on an individual tracking task. Each tracking task was displayed vertically, such that the trackers moved up or down the screen and the set of eight tracking tasks were displayed from left to right across the screen. Figure 1 displays a screenshot of the tracking task with eight active trackers. The keyboard was turned around below the computer screen, so that participants had easy access to the function or F keys (F9-F12 and F1-F4). Participants were instructed to place four fingers from their left hand on one set of F Keys (F9-12), and the four fingers from their right hand on the other set of F keys (F1-F4). Participants were then instructed to press the key that spatially corresponded to the tracking bar where the tracker had passed one of the two smaller horizontal markers at the ends of the tracking bar. A red line and extra space separated two sets of four tracking tasks, to aid in using a system where the four nonthumb fingers on each hand could easily configure the responses with the tracking tasks without the need to count or spend extra cognitive effort. During the experiment, the number of active tracking tasks was distributed evenly on both sides of the screen unless there were an odd number of active tracking tasks in which there was always one more on the left side.
Trackers began in the middle of each tracking bar and moved either up or down (with equal probability) along the tracking bar. The tracker moved in one direction continuously until it arrived at the end of the tracking bar or until the participant pressed the response key for that tracking bar at which point the tracker returned to the center of the tracking bar. When trackers returned to the center, each one would remain in the center for a brief wait period before continuing again. This condition prevented all the trackers from crossing the markers at the same time and allowing the participants to respond to all of the trackers at once.
Results
Data from Experiment 1 included proportion of hits, misses, and false alarms as well as the proportion of time when a tracker was in the response area to the total time the tracker was in motion. Each of the measures was plotted versus number of tasks and curve fitting analyses were conducted on the plots.
Two patterns emerged from the results after testing the data for linear, logarithmic, exponential, and power functions. First, the proportion of time that the trackers were in between the brackets (r = 0.324, p < 0.001, fit to Y = -0.0026X + 0.924) and proportion of misses (r = 0.522, p < 0.001, fit to Y = 0.0154X -0.021) showed a linear decrease in performance with increasing number of tasks from one to eight tasks. Second, hit (r = 0.455, p < 0.001, fit to Y = -0.0330X + 0.985) and false alarm (r = 0.310, p < 0.001, fit to Y = 0.0175X -0.036) proportions showed a linear decrease in performance with increasing tasks; however, they showed even greater fit when only two through seven tasks were included (r = 0.483, p < 0.001, fit to Y = -0.0454X + 1.054 and r = 0.365, p < 0.001, fit to Y = 0.0266X -0.011 for hits and false alarms, respectively) and is striking given that a decrease in data points would typically reduce the magnitude of a correlation. The results indicate that performance with additional visual tracking tasks does not show a completely linear trend, with the end points showing nonlinearities for some of the dependent variables (i.e., hits and false alarms). Importantly, we saw no decrease in performance, as measured by the miss rate, from 1 to 3 simultaneous tracking tasks (Figure 2 , Panel A) although this finding is from visual inspection alone and not necessarily backed by statistical tests. In Experiment 1, hit rate and false alarm rate had two points of divergence from linear. Divergence occurred when there was only one task, which showed worse performance than when there were two tasks and a flattening of the linear trend at eight concurrent tasks.
Discussion
A likely explanation for lower performance with only one task is that the participants were not using enough resources to perform the one task. This appears in the data presented above. With one task there was a reduced proportion of hits, but the number of misses was low. Perhaps, participants anticipated responding to the tracker and responded too quickly, pressing the button early and increasing the number of false alarms and subsequently decreasing the number of hits.
Our explanation for the departure from linear decline when there are eight simultaneous tasks is that performance approaches an asymptote, that is, a floor effect on the worsening of performance. When visuo-spatial resources are spread across eight simultaneous tasks there is very little room for performing worse than with seven tasks. At seven tasks, participants may simply ignore some trackers at different times because their resources are spread too thin to encompass any more tasks. When the eighth task is added, this strategy continues and does not further decrease the proportion of errors.
EXPERIMENT 2
Experiment 2 was designed to focus on the auditory modality. Sixteen participants ran in the experiment. On each trial in Experiment 2, a sequence of fifteen tones sounded. Fourteen tones were low pitched and one tone was high pitched. Participants used the same keyboard arrangement as Experiment 1 and were instructed to press a key corresponding to the place of the high tone in the sequence (in increasing order from left to right) using their non-thumb fingers from each hand on the keys.
We designed Experiment 2, so that the high tone could only be played as one of the first eight tones in the sequence. Tones played for 200 milliseconds (ms) apiece with only 15 ms between the tones. Depending on how many places in the sequence the tone could sound (like Experiment 1, ranging from one to eight); participants performed that many tasks at once. With only 15 ms between tones, participants needed to recognize whether one tone was the high pitched tone while processing the next tone.
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Results
Data from Experiment 2 included accuracy and response time. The signal detection data of hits, misses, and false alarms from Experiment 1 could not be applied to the data from Experiment 2 because each trial required one response.
Just like in Experiment 1, the means of accuracy and response time were plotted versus number of tasks and analyzed for linear, logarithmic, quadratic, and power function trends. Once again two patterns of performance curve emerged from the data. First, response time was best represented as a linear curve (r = 0.064, p = 0.004, fit to Y = 34.7X + 315). The low value of correlation may be attributed to the spike in response time when the participant was required to use only one finger of the right hand to respond (Figure 3 , Panel A). Second, accuracy was best characterized as a linear curve when only considering 1 to 7 simultaneous tasks (r = 0.319, p < 0.001, fit to Y = 0.0542X + 1.048) as opposed to a linear trend with 1 to 8 simultaneous tasks (r = 0.280, p < 0.001, fit to Y = -0.0465X -1.025). The plot of accuracy versus number of tasks is presented in Figure 3 , Panel B. A t-test comparing 8 tasks and 7 tasks showed no difference between those levels, t(15) = 0.907, SE M = 0.043, p = 0.379. Additionally, the slope of the accuracy line in the auditory task (Y = 0.0542X + 1.048) was slightly higher than the slope of the accuracy line (hits) in the visual task (Y = -0.0330X + 0.985) indicating a more difficult auditory task. We feel the slope of the linear decrease in performance is a very important consideration when comparing workload levels across tasks. 
Discussion
Experiment 2 showed two different patterns of results, similar to Experiment 1. Response time was best characterized as a linear trend across all numbers of tasks (though the participants seemed to have trouble coordinating the all the fingers on one hand with only one finger of the other hand as seen in the increase in response time from four to five tasks). However, for the accuracy performance curve the task replicated the finding from Experiment 1 hit and false alarm rates with an asymptote at seven tasks.
One difference from the accuracy curve of Experiment 2 and the false alarm or hit rates of Experiment 1 is the lack of a decrease in performance when only one task is performed as opposed to two. The absence of this finding is easily explained by the simplicity of the choice after A B *This work is not subject to U.S. copyright restrictions
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a sequence of tones in which only the first tone may be the high pitched tone. The obvious answer is one and there were no errors with one task across all fifteen participants.
FUTURE STUDIES
The first two experiments are only the beginning of a larger research project. Experiments are in the planning stages for different sensory modalities, including tactile, to be combined with one another. For example, the spatial tracking task from Experiment 1 may be combined with the auditory recognition task from Experiment 2. We aim to construct the larger research project to encompass workload functions for cross-modality tasks as well as within-modality tasks. Tests such as these will help determine the extent to which multi-tasking across modalities results in truly independent mental resources use a suggested by Baddeley and Hitch (1974) .
The goal of the larger set of experiments is to inform the workload calculations from IMPRINT (IMproved Performance Research INtegration Tool, Archer & Adkins, 1999; Mitchell, 2000) , a taskbased human performance modeling system. IMPRINT is pioneering in codifying workload functions to predict human performance. In IMPRINT, researchers can input tasks, specify the modality resources that are drawn upon to complete the tasks, and allow the system to automatically generate workload calculations or input the type of workload function used.
Currently, the automatically generated workload functions are linear, but the goal of this research program is to gather information about potential adjustments to these functions.
CONCLUSIONS
Two experiments were conducted to address the development of a mental workload function by using multiple identical tasks simultaneously. Both experiments found a departure from a strict linear performance decrease with additional tasks. Particularly, there appears to be robust asymptote in lower performance with more tasks when the number of tasks reaches seven. There may also be a dip in performance when only one task is performed due to workloads that are too small to occupy attention. Future studies will address the tactile modality and will span interaction between modalities as well as numerous other tasks within the auditory and visual modalities. The larger goal of this research project is to modify the existing mental workload functions in IMPRINT for a large sample of tasks within multiple modalities.
